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ABSTRACT

The corrosion product removed from commercially pure titanium after exposure to 20% NO2
anhydrous fuming nitric acid uws found by X-ray diffraction and chemical analysis to be titanium
metal.

Metallographic observations indicate that the possible mechanism of corrosive attack of
the fuming nitric acid on titanium and titanium alloys is through intergranular corrosion of the all-
alpha or all-beta titanium alloys. Similar observations of the mixed alpha-beta alloy indicate a
possible galvanic or electrochemical mechanism of the t ick by liquid-phase fuming nitric acid.

I. INTRODUCTION

Corrosion is manifested in a number of ways dependent upon the corrosion environment

and the metal or alloy exposed. Of the many manifestations of corrosion, three are considered of

importance in the reaction of titanium and titanium alloys to fuming nitric acid (FNA).

'I'he first, galvanic or electrochemical corrosion, has been defined in Reference I as a

short-circuited couple of dissimilar metals or alloys in a corrosive medium se the electrolyte, or

a. macroscopic or microscopic areas within a metal dispi-nil ,ir in composition or structure; an

electric current is induced between electrodes, the electrode with the more anodic solution

potential is dissolved while the other (more cathodic electrode) in relatively unattacked.

The second possible mode of corrosive attack. tress-corrusion cracking, is defined by

Reference I as: "spontaneous failure of metals by cracking wider combined action of corrosion

and stress, residual or applied."

"I he third corrosio, mechanism, intercrystalline corrosion, is described (Cf. Ref. 2) as

preferential electrochemical attack of the grain boundaries due to precipitation or agglomeration

in the grain boundary regions of phases or contaminants anodic to the grain interiors.

Considerable research effort h•sa gone iito the i-termination o,' the mechanism of stress-

corrosion cracking (Cf. l|zf. 3). The findings summarized are that tensile stresses are required

to open crevices along localized paths of electrochemical corrosion where the localized paths

are anodic areas and the surrosnding metal is cathodic. The localized paths can be either

intergranular or trnagranular depending upon conditions in both the corrosive medium and the

P.,.,
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exposed material (Cf. Ref. 4). According to FEvans (Cf. Rlef. 2), a large cathode-to-anode ratio

will intensa'y intergeranular corrosion if the material in the grain boundaries is anodic to the

cathodic grain interior. A large cathode-to-anode ratio will increase galvanic corrosion attack by

increasing the current density on the smaller anodic area (Cf. Ref. 5).

II. EXPERIMENTAL PROCEDURE

A. Laboretery Corrosion Studies

The apparatus consisting of glass tubes with a ground taper joint to which wan fitted a

stopcock with ball-joint tube (Cf. Ref. 6) was used for additional experiments to determine the

effect of surface preparation of the titanium samples upon corrosion rates. Samples of titanium

and titanium alloys approximately 0.5-inch ,quare and 0.020- to O.0*10-inch thick were sandblasted,

using a 500-mesh-aluminum-oxide abrasive. Tank nitrogen at 50 psi was used as a carrier for the

abrasive. The sandblasting was done immediately prior to weighing of the samples before exposure

to the FNA. In order to remove any adhering grit, the samples were thoroughly blasted with a

stream of clear tank nitrogen and then carefully brushed with a camel's-hair brush. 'T'his surface-

preparation method has now been standardized for all samples before exposure to FNA.

B. Ignition Studies

Samples exposed to FNA containing 20% NO 2 , a 0% 1120, and the remainder IIN0 3 for

varying periods of time were subjected to probing tests for sensitivity to an ignition reaction.

The sensitized sample was moistened with a small drop of F'NA and the moistened surface was

probed with a jeweler's screwdriver with a small, hardened-steel screwdriver bit. Other FlNA-

moistened samples were probed with a Teals coil. Some sensitized samples, both dry and

moistened with FNA, were heated in glass-working blast burner flame.

C. Sensitivity Studies

Some of the dark coating was removed from sensitized samples by carefully scraping %ith

a sharp knife. Small quantities of the coating were tested in the calibrated-drop-weigbt impact

tester for sensitivity. Some or th* material was tested dry and some of the material was tested

after moistening with a drop of FNA.

Unless otherwise Pswaed, all pe.rcentage, value%. w in wt %.

Pop 2
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Small quantities of the scraped-off dark coating were exposed to the discharge of a

teals coil.

D. Hea Treatment of leaplo.

Several of the samples were vacuum-annealed. The samples were placed in Vycor tubes

which were evacuated during the heating cycle. As soon as the vacuum, an determined by Pirani

gauge, reached 10- 5 mm of Ilg, the tubes containing the samples were sealed off. Vacuum was

maintained by a mechanical :e pump and an oil-diffusion pump. Temperatures were recorded and

cont.oll!., by a chromel-olumel thermocouple and a Leeds and Northrup recording-indicating poten-

tiometer. Holding time at temperature was % hour. The cooling rates were 93'C (200"P) per hour

for the slowly cooled samples, a quench into liquid nitrogen with the samples still sealed in Vycor

tube for intermediate cooling rates, and a quench into ice water by treaking the Vycor tube for a

rapid cooling rate.

For tlhe metallogrnphy of the samples, standard specimen-preparation techniques were used.

The etchant used on those samples which were etched for photomicroscopy was I part lIF and I

part concentrated IIN0 3 in 2 parts glycerol. In order to protect the edges of the transverse sections,

the samples were carefully clamped between sheets of copper before mounting in bakelite or

transoptic mounts.

III. RESULTS AND DISCUSSION

A. Effect of Compositieo of FNA, Suerfce Propersetie, snd Alley Cempeaities of Samples

on Ceoersieo Rete

1. Role of NO 2 and 1120 in acid on corrosion rate. The anomalous behavior of com-

mercially pure titanium in 10% N02 FNA in the as-received condition discussed in Figure 3 of

Rleference 6 has been resolved. The results from two repeated experiments of one-week duration

involving eposure of the commercially pure as-received titanium in shown in Figuare 1. These are

average values from duplicate samples in each experiment.

The effect of 1120 on the corrosion rate is most pronounced in the case of the FNA con-

taining 20% NO2 . hlere the corrosion rate drops from approximately 1.9 milseyr at 0% 1120 to

0.12 mil/Yfr at 1.0% 1120 to 0.043 mil/yr at 2.0% 1120.

Considering how the effect of NO2 in Figure I, one can see that the corrosion rate in 10%

N0 2 and 0% 1120 FNk in 0.09 mil `yr, whereas at 1% wat"r, the rate drops slightly to 0.052 mil 'yr.

Palpe 3
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There is then a slight increase in corrosion rate as the H2 0 content is increased to 2.0%; the

rate here is 0.013 mil/yr. A similar effect is noted with the curve for FNA rontaining 0% NO2 as

the 1120 content is increased.

As discussed in Reference 6, the possible mechanism of corrosion is by NO* ion and

NO2 species in FNA solutions containing small concentrations of 1120. As the 1120 content in

increased, the equilibrium of Equation I is shifted to the left v'ith a reduction in concentration

of NO; and NO-

2HN0 3 = NO+ * NO- + 1120 (1)

This equaaion expresses the self-ionization of IINO 3 . As the 1120 content approaches 3.0%,

another ionization mechanism is effective, as indicated in Equation (2)

1120 + HN0 3 = H30' 4 NOj (2)

This latter reaction can account for the slight increase in corrosion rate seen in Figure I as the

1120 content is increased to 2q-

The fact that NO2 in nitL_. acid solution ionizes as follows:

2NO2 N204  N N , NO; (3)

would lead one to hypothesize that NO+ ion contributes to the corrosion reaction; however, it

was shown previously (Cf. Ref. 6) that corrosion rates were highest when 1.25% N2 0 5 was added

to anhydrous FNA. From the following equilibrium, it can be reasoned that NO* or NO2 probally

are the species respoasible for the corrosive attack (Cf. Refs. 6 and 7):

N20S = NO* NO- (4)

According to Reference 7, electrical conductivity of the FNA increases with increasing

NO 2 and decreases with incremasinAg H20 in the 'rage of H20 content from 0 to 3.5%. The

electrochemical theories oý corrosion are fairly well established (Cf. Ref. 2). One can then

postulate that the increasing conductivity of the corrosion medium with iscreasing NO2 concen-

tration can account for the increase in corrosioa observed in Figure I. Table I shown the average

corrosion rates for ome of the experimental ruse plotted in Figure i.

P.,e 4
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2. Effect of surface preparation on corrosion -ate. In Figure 2 the average corrosion

rates of commercially pure titanium in FNA at 30'C after the surfaces of the samples had been

sandblasted are plotted against the percentage of 1120 in the FNA. Comparing the corrosion

rates of Figure 2 with those of Figure I where the samples were not sandblasted, one can see

that the corrosion rates of Ohe asa.:Iblasted samples are slightly higher than the corresponding

corrosion rates of the not-sandblasted samples. The corrosion rates plotted in Figure 2 are

tabulated in 'ruble i1.

Commeicial titanium and titanium alloys are rolled and annealed at relatively high tem-

peratures in air. Titanium has a high affinity for oxygen (Cf. Ref. 8); therefore, an oxide film or

possibly residual scale can exist on the surface of the sheet even after pickling. It is doubtful

if this entire oxide surface is r moved by sandblasting. There is the possibility that s new oxide

coating forms almost immediately after sa' ",,lasting (Cf. Rlef. 8). However, it is possible that

sandblasting prcduces enough surface roughness to supply small discontinuities in the oxide sur-

face layer for subcutaneous access of the FNA. An mentioned in Section II-A of this report,

sandblasting immediately prior to si.mple weighing before exposure to FNA has been standardized

for sample surface preparation. This method, it is believed, will develop a reasonably reproducible

surface on all samples.

Table III show, the data from a preliminary study of the effect of surface preparation on

the corrosion rates of comumercially pure titanium and the titviium-manguaese' alloy. As can be

seen, the corrosion rates for the sandblasted samples and the rates for the polished samples were

higher than the rates for the as-received samples. The polished samples were polished on

metallographic polishing papers to 500-mesh abrasive immediately before weighing prior to ex-

posure to the FNA. It can be noticed in Table Ill that the corrosion rates for the polished and for

the sandblasted samples of titanium-manganese alloy are almost identical. The rates for the

commercially pure titanium in the parallel conditions are not identical. That is, the corrosion

rate of the sandblasted samples is higher than the rate for the polished samples. The reason for

this behavior in not understood at this time.

3. Effect of alloy composition on corrosion rates. The data for the corrosion rates of

samples of the titanium-manganese alloy in the as-received condition and in the sandblasted

condition sre tabulsted in Tables IV and V, and these data are plotted in Figure 3 and 4. The

effects of NO 2 and water is FNA are similar for this alloy to the effects of these species on the

commercially pure titanium, as showa in Figure I and 2. That is, NO 2 increases the corrosion

rates, whereas 1120 decreases the corrosion rates. This relationship in not consistent over the

a In this report, the titanium-smasmane. alloy refe•rtd to in the binary alloy of titanium contsininlg

nominally FM mangmsere.
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entire range of composition, however, for it can be seen in Figures 3 and 4 that at 2% l110 the

corrosion rates in FNA containing 0% NO2 are slightly higher than those rates in FNA containing

10% NO2 , and these in turn are slightly higther than in FNA containing 20% NO,.

The effect of surface preparation is not as consistent with the titanium-manganese ftloý

as this effect is with the commercially pure titanium. In the case of the 20% NO2 ahydrous

FNA, the corrosion rates for the sandblastd samples are higher than the ratus for the as-received

samples. This effect is consistent with the repuits of Table Ill. The corrosion rates in FNA

containing 1% and 2% 1120 of samples in the sandblasted condition are slightly higher than those

as-received samples in FNA of comparable compositions. However, the difference in rates be-

tween as-received and sandblasted samples ia not as marked in the Ti-ln alloy as in the

commercially pure Ti.

It is in the anhydrous F'NA where the effect of alloy composition i* most marked. In both

the sandblasted and as-received condition the corrosion rater of the manganese-bearing ailoy are

somewhat higher than corresponding rates for the commercially pure titanium.

There is a possibility that these higher corrosion rater of the titanium-mangemese alloy

in anhydrous FNA containing 10 to 20% NO2 may be responsible for the more consistent ignition

reactions obtainable with this alloy since higher corrosion rates would presuppoA'! a larger volume

of corrosion products except where stress-corrosion cracking in a factor. Under stress-corrosion-

cracking conditions, much of the corrosion product is probably concentrated in ;ýe localized area

of the crack, although some corrosion product may appear on the sample surface.

It is also considered that the higher corrosion rates of the titanium-manganese alloy in

anhydrous FNA containing 10 to 20% NO2 may be associated with the higher electrical conductivity

of this acid (Cf. Ref. 9). This higher electrical conductivity of the corrosion medium may set up

higher electrochemical currents between anodic and cathodic regions of the alloy and possibly

increase the intensity of the corrosion of the anodic regions.

B. Effect of Cmpesitiien of FNA on Stress-Cwteeion Cracking

1. Stress cracking of commercial pure titanium. Strems-cracked samples have been

noted its Tables I to III and in Figures 1 and 2. Commercially pure titanium will stress-crack

around identifying numbers stamped on the samples. Some of these stress-corrosion cracks may

originate in the sheared edges of the samples. This stress-cracking only occurs in anhydrous

FNA and only in anhydrous FNA containing 10 to 20% NO2 . The exact loher limit of NO2 content

to produce stress cracking has not been ascertained.

man.
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2. Stress-corrosion cracking of the tuianiuim-manganese alloy. In Tables III through V

and in Figures 3 and 4 are noted those sampler of Ti-Mn alloy that showed stress-corrosion

cracking. The effect of the FNA composition on the stress-corrosion cracking of the titanium-

manganese alloy is comparable to the results obtained with the commercially pure titanium with

one exception. That is, in the case of the titanium-mangan•se alloy stress-corrosion cracking, as

indicated by fractures around identifying numbers stamped into the samples, occurred in FNA con-

taining 0% NO 2 and 0% "120 in those samples which were not sandblasted. The sandblasted samples

exposed to FNA containing 0% NO 2 and 0% 1120 did not exhibit stress-corrosion cracking.

This borderline behavior with respect to stress-corrosion cracking of the titanium-manganese

alloy in anhydrous V.NA, containing 0% NO2 cannot be explained at this time. Hlowever, there is a

possible indication that the stress-corrosion mechanism is probably due to the higher corrosion

rates associated with the anhydrous FNA and therefore the NO* ion.

3. Effect of liquid NO 2 on stress-corrosion cracki'9g. An experiment to ciarify the NO 2

effect on the commercially pure titanium and the titanium-manganese alloy was performed. Dupli-

cate samples of each material were immersed in purified NO2 in a glass tube; the assembly was

frozen in liquid nitrogen and evacuated. 'he glass tube was sealed off. 'his procedure then

allowed the N0 2 to remain liquid under its own vapor pressure at room temperature. lfter 44 hours

of exposure of the samples to tLe liquid NO2 , the corrosion rates were found to be 0.32 mil'yr for

the commercially pure titanium and 0.20 mil lyr for the titanium-manganese alloy. There were no

stress-corrosion cracks on any of the samples so exposed. These samples were probed for ignition

sensitivity and were found to be insensitive.

While thisi experiment does not conclusively prove that NO 2 species in FN% is not re-

sponsible for either stresn-corrosion cracking or the production of the ignition-sensitive coating on

the samples, it does prove that liquid NO 2 itself does not ceise ignition-sensitive reactions or

stress-corrosion cracking in commercially pure titanium and the titanium-manganese alloy.

The indications are that commercially pure titanium is susceptible to stress-corrosion

cracking in anhydrous F"NA containing 10 to 20% NO2 . It is further indicated that the titanium-

manganese alloy exhibits borderline susceptibility to stress-corresion cracking in anhydrous IN' I

conlaining 0% NO2 . The titanium-manganese alloy is musceptille to stress-corrosion cracking in

inhydroims FN containing 10 to 2". NO..

Ilmed on present results, howe,.er, commercially pure tit iium anw the titanium-manganese

alloy Are not susceptible to strews-4utrosion cracking in F"N A in the concentration ranges 0 to 20%

N02 and I to 2-` 1120.

Pete 7
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C. Metur sai Sensitivity of Black Certinlg

1. AnaLysis of coawing. Large samples (about Ix % inch) of commercially pure titanium

were immersed in 20% NO 2 anhydrous FNA at ambient temperature. The samples were carefully

weighed after sandblasting and before exposure. Theme samples were exposed for periods of time

that were considered long enough to develop a large quantity of the dark coating for chemical and

X-ray analysis. After exposure, the samples were reweighed. Then the dark corrosion prod.ict

was carefully scraped from the surface under water to avoid explosion hazard. After drying, the

dark powder obtained was analyzed both chemicall5 and by X-ray diffraction. Table VI shows the

results of the chemical analysis which indicate that the black corrosion product which was devel-

oped after expowure of commercially pure titanium to anhydrous F14A containing 20% NO2 was very

neawly all titanium metal. It is shown in Section Ill-B that this material was sensitive to ignition

reactions.

The X-ray diffraction analysis of the dark-corrosion-product powder is shown in Table VII.

The diffraction pattern was obtainei on General IFlectric XRI)3 X-ray diffraction equipment, a

Debye-Scherrer powder diffraction camera of 143.2-mm diameter was used with a copper target

diffraction X-ray tube. The radiation was filtered with a nickel foil. The diffraction film was

measured on a comparator and the line intensities were estimated.

The X-ray diffraction pattern showed the strong lines characteristic of the hexagonal

close-packed crystal structure of alpha titanium (Cf. Ref. 10). There were some very faint

diffraction lines superimposed on the characteristic alpha-titanium lines. Table VII showp an

attempt to tentatively identify the possible compounds which could account for these superim-

posed diffraction lines. From the literature (Cf. Hef. 11) one can postulate that any oxygen or

nitrogen present in relatively small quantities in commercially pure titanium will be dissolved in

the alpha matrix. Carbon, probably as TiC, however, has a very limited solubility in the alpha

matrix, so titanium carbides could reside in the grain boundaries. These were not detected,

however. With hydrogen reported in the commercially pure titanium at the level of 0.004% 112

(Cf. Ref. 6) there is a possibility of Till 2 in the microstructure as discussed by Craighead,

Leaning, and Jaffee (Cf. Ref. 12). TiHf2 has been tentatively identified in the X-ray diffraction

pattern, and in Section III-C of this report Till2 line marking. similar to those observed by

Craighead, Lenning, and Jaffee can be seen.

The X-ray diffraction analysis then confirms the chemical analysis. That is, the dark

coating removed from the commerially pure titanium exposed to FNA containing 20% NO 2 and

0% H2 0 was predominantly titanium nmetal present on the sample surface in a finely divided ntate.

The fact that a finely divided metal can undergo ignition reactions is not entirely unusual.

Kroll (Cf. Ref. 13) has reported that powdered zirconium is pyrophoric and reacts violently with

moisture under shock. [armen et al have reported ignition reactions (Cf. Ilef. 14) involving

Pese 8
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ur~anium-zirconium alloys with nitric acid. The alloy composition range was I to W% zirconium,

and the nitric acid composition ranged from 8 to 16 molar. The inveatigatioe (Cf. Ref. 14) concluded

that unoxidized particle@ of an epsilon phase containing from 55 to 81 atomic % zirconium was

the material reacting violently.

2. Impact sensitivity of black coating. The impact sensitivity of the black coating

removed from samples that had been stored in FNA containing 2V% NO2 and 0% 1120 was de-

termined by using a calibrated drop-weight-testing apparatus (Cf. Ref. 15). The dry powder did

not react to an impact load that would cause TNT to explode. This fact implies then that the

dry powder in not as sensitive to explosion by impact as TNT.

On the other hand, samples of the powder moistened with FNA (14% NO2 and 2% 1120)

did have an impact sensitivity equal to that of nitroglycerine or mercury fulminate (Cf. Re(. 15).

3. Probing-sensitivity tests. Additional samples of commercially pure titanium and

the titanium-manganese alloy which had been exposed to anhydrous FNA containing 20% NO2

for periods of from 24 to 48 hours were tested for ignition sensitivity by probing with a hardened.

steel tool. The intensity of the ignition reaction as judged by amount of flash varied, depending

upon the amount of sensitive dark coating on the sample and also upon the presence of nitric

acid (acid compositions ranging from concentrated, i. e., 70% HNO 3 , to FNA containing 14% NO2

and 2% FH20). The nature of the ignition reaction can be described as from mild to v;olent. The

mild reaction gives rise to sparks only, whereas the violent one gives rise to a bright flash

accompanied by a loud report. When the samples were not moistened with nitric acid or FNA,

only sparks were produced upon probing. When the samples were moistened with nitric acid or

FNA, the intensity of the ignition was dependent upon the thickness of the dark coating on the

sample.

o Samples that had not received ;,:'or sensitizing treatment in 20% NO 2 anhydrous FNA

exhibited no ignition reactions of any d,lýegr when probed with a hardened-steel tool.

The results of probing teats using a Tleals coil were comparable with similar tests using

the hardened-steel probe. It was found also that the black powder scraped off of samples that

had prior exposure to 20% NO 2 anhydrous INA gave off sparks when either dry or moistened

with KNA under the Teala-coil discharge.

A sample of heat-treated titanium-manganese alloy that had been exposed to 20% NO,

anhydrous FNA for 48 hours wan quarter-sectioned. This sample developed a very heavy coating

of black corrosion product. One quarter section of the sample was probed with a hardened-steel

tool without moistening the sample with F'NA; sparks were emitted. A second quarter of the

sample was probed after being moistened with FNA (14% NO2 and 2% 1f20);4 bright flesh



Progrea Report Me. 26.2 Jet Propw/sion Laboratory

accompanied by a loud report resulted. Only that portion of the sample which had been moistened

with FNA was diacolored by the ignition reaction. A third section of the quartered sample wvhich

wan not moistened with FXA was heated in the flame uf a alasa-working blast burner. Although

the piece was heated to redness, no ignition reaction occurred, and there war no afterglow. The

fourth quarter wasn moistened with FNA and then heated in the blast-burner flame to redness;

there was no ignition reaction and no afterglow.

D. Effect of Mehllwgicel Histry on Type of Corrosion Attock

1. Type of corrosion autack on annealed commercially pure titanium. In Figure 5 there

is reproduced a photomicrograph of a longitudinal section of a piece of commercially pure titanium.

Thia photom.crograph shown the typical equiaxed microstructure of a hot-worked and annealed

commercially pure metal. The needlelike line markings are attributed to Till., by Craighead et al

(Cf. Ref. 12). The clear globule. within the grains are probably a small quantity of retained

beta-phase in the alpha matrix. The very dark etching spota have not been identified but could

be titanium carbides.

The photomicrograph shown in Figure 6 is a transverse section through a piece of

commercially pure titanium 9beet that had been exposed to 20% NO 2 anhydrous FNA for 263 hours.

"Ile upper portion of tbe photomicrograph in a piece of copper sheet in which the titanium sheet

was clamped to protect the tdalte of the titanium sheet during metallographic preparation. It would

appear that the corrosive attack was intergranular. This intergranular attack could account for

the presence of titanium metal found in both the chemical and X-ray diffraction analysis of the

dark coating removed from the commercially pure titanium samples.

2. Type of corrosion attack on annealed Ti -- 8% Mn sheet. The photomicrograph of

Figure 7 was from a longitudinal section of a piece of annealed Ti - 8% %In sheet. ThIl alloy

has a mixed alpha-beta structure in the hot-rolled and annealed condition (Cf. Ref. 16). In

Figure 7 the alpha phase is the grey half-tone portions, while the clear portions of the photo.

micrograph are the beta phase.

At 150 diameters in Figure 8 is reproduced a transverse section through a sample of

Ti - 8% Mn alloy that had received peior treatment for 48 houro in 20% NO2 anhydrous FNA.

The top of the photomicrograph is of n piece of copper sheet waed to protect the edge of the

titanium sample 4uring polishing. The mottled dark area approximately I-cm thick on the

photomicrograph is probably the ignitioa-seamitive, dark corrosion product. A longitudinal-edge

section of a piece of the some sample unetched in shown in Figure 9 at a magnification of 2M5O

times. The deep black potion of this photomicrograph is the hakelite mounti•g in which the

sample section wan embedded for ease in handling during metallogrsphic preparation. The

mottled dark sectioan ba the appearance of the ignitios-.eaaitive coating.

Pegs 10
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The appearance of the corroded layers of theme alpha-beta Ti - 8• %in alloy samples

ouggestps the possibility of selective or galvanic attack by the FNA on one of the phases of the

alloy. It is postulated that the beta phase in anodic to the alpha phase in FNA. One can

theorize that the beta phase containing most of the manganese in solid solution (Cf. Ref. 17) is

preferientially attacked; the alpha phase, being nearly pure titanium, is possiily cathodically

protected in the presence of the beta phase and may present a fresh surface in finely divided

state in thc corrosion product which when heated by a friction force (r impact in the presence of

a ntrong oxidizer such as FNA can possibly react violently.

3. Type of corrosion attack on heat-treated Ti -- 8% In sheet. It may be considered

that the distribution of the alpha and beta phases in the alloy may have some influence on the

mode and extent of the corrosive attack of the FNA, on the Ti - 9% %in material. Two heat

treatments that would markedly alter the distribution of the alloy microconatituents were carried

out.

"[he first heat treatment involved a cooling rate from the all-beta temperature that would

produce a Widmcinstatten ditctribution of the alpha in the beta matrix (Cf. Refs. 17 and 18). Four

pieces of Ti - 8% Mln sheet 0.5 x 0.51(0.02 inch were placed in a Vycor tube. The tube was

evacuated to 10-" mm lig during the heating cycle. The tube was then sealed off. After % hour

at 78,.9C (I 450'F) the tube containing the samples was quenched into liquid nitrogen without

breaking the Vycor tube. The samples were then removed from the Vycor tube and were sand.

blasted and weighed before exposure to 20% anhydrous FNA for 24 hourr. These samples were

probed for ignition sensitivity after exposure to the FNA and were found to produce violent ignition

reactions. An unetched photomicrograph at 250X of one corner of a longitudinal section of one of

the samples treated in this manner is shown in Figure 10. A photomicrograph of the base of the

crack shown in Figure 10 is shown in the etched photomicrograph of Figure I1. In Figure 11, the

grain boundaries are outlined by alpha. Within the grains the needlelike alpha has precipitated

upon preferred planes of the beta matrix. Notice that the intercrystalline corrosion attack has

avoided the alpha in the grain boundary and has followed the grain outline in the beta matrix.

A possible explanation of this behavior can be obtained from a study of the titanium.

manganese phase diagram (Cf. Ref. 17). The maximum solubility of manganese in alpha titanium

at the eutectoid temperature (505(C) is 0.5%. The eutectoid concentration of manganese in beta

titanium at the eutectoid temperature is 20%. 1Precipitation of the nearly pure alpha titanium at

the beta grain boundary can cause an enrichment in manganes of the beta grain in the region

adjacent to the precipitated alpha phase. This mangenese enrichment in the region adjacent to

the precipitated alpha could constitute a concentration gradiest which would increae the anodic

solution potential at those regions and thus promote intergranular corrosion attack.

Per iI
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and alpha (cathodic) arerna in the annealed (Cf. Fig. 8) and the internmediately quenched Ti -.8% Mn

alloy (Cf. Figs. 11, 12, and 13).,

IV. SUMMARY AND CONCLUSIONS

A our', ary of the recent findings of the investigation of the corrosion and ignition

reactions of tit nium and titanium alloys in liquid phase FNA are am follows:

I . Geealy corrosion rates in FNA at 30'C of sandblasted sample. were highet

than samples not sandblasted.

2. The corrosion rates of the Tli - 8% Mn alloy samples in the annealed and

sandbalasted condition were higher than similar samples of commercially pure

titanium in FNA at 30TC.

3. Trhe anrtealed Ti - 8% Wn alloy samples showed stress-corrosion cracking in

FNA containing 0% 1120 and 10 to 20% N0 2 .* llorerline-streaa-corrosioo-crackingt

susceptibility of this alloy was also exhibited in FNA containing 0% 1120 and

0% NO 2.*

4. The probable mechanism of corrosion in the all-alpha or all-beta titanium alloy

is by intergranular corrosion.

5. The postulated corrosion mechanism in the mixed alpha-beta alloy is electro-

chemical or galvanic corrosion of anodic-cathodic areas within the alloy.

6. Tlhe chemical and X-ray diffraction analysis of the black sensitive corrosion

product removed from titaniuma samples exposed to 20% N0 2 anhydrous FNA was

titanium metal.

7. TIhe impact sensitivity of the black sensitive corrosion product removed from

titanium samples exposed to 20% NO 2 anhydfrous IFNA was comparable to the

impact sensitivity of nitroglycerine or mercury fulminate, provided the powder

was moistened with FNA (14% NO 2 and 2% 1120). The dry powder was sot an

sensitive as TNT.

V. WORK IN PROGRESS AND FUTURE WORK

TIhe followiag is a summary of the work in propress and the nature and direction of future

work along the lines of the present isvestigstioa:

Pop. 13
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1. Work in in propres sawl will continue on the determination of the incubation time

to produce the sensitive coating and the time to induce Patreaa-corroaion cracking.

2. Investigation of the decompoaition of the FNA and the anmalysis of some of the

decomposition product@ after exposure of titanium to 20% NO2 anhydrous FNA

is underway.

3. Corrosion rates of vacuum stress-relieved samples of both commercially pure

titanium and Ti - 8% Nin alloy are being obtained.

4. A 30-day exposure test at 30'C in liquid-phase thermally stable FNA (14% NO2

and 3% 1120) has been started.

5. Further work on the effect of surface preparation on corrosion rates of titas~ium

and titanium alloys in lhq'iid-phnse FNA has been rcheduled.

6. A study of the precise critical concentrations of 1120 and NO 2 in FNA to develop

the ignition sensitivity is proceeding.

7. The effect of temperature on corrosion rates and the incubation time to produce the

sensitive coating will be investigated.

8. The determination of the minimum stress to produce stresm-corrosion cracking of

titanium in iiquid-phase FNA will be undertaken.

9. The effects of the gas phase of various concentrations of FNA on titanium and

titanium alloys will be studied.

Pe. 14
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TABLE I

AVERAGE CORROSION RATES OF COMMERCIALLY PURE TITANIUM
IN FNA AT 300C WITH SURFACE AS RECEIVED

Corrosion
Sample H20 NO2  HN0 3  fIate Stress
Number (%) (%) (%) (mila/yr) Cracked

35 0 0 100 0.044 no

45 0 0 100 0.044 no

100 I 0 99 0.030 no

68 I 0 99 0.030 no

47 2.1 0 97.9 0.036 ro

102 2,i 0 97.9 0.036 no

10) 0 10.2 89.8 0.069 yes

90 0 10.2 89.8 0.089 yes

79 1.0 10.3 88.7 0.051 no

99 1.0 10.3 88.7 0.051 no

67 1.7 9.8 88,5 0.077 no

53 1.7 9.8 88.5 0.077 no

73 0 20.8 79.2 1.85 yes

52 0 20.8 79.1 1.85 yes

98 1.2 19.6 79." 0.113 no

65 1.2 19.6 79.2 0.113 no

66 2.1 19.3 78.6 0.042 no

64 2.1 19.3 78.6 0.0412 no

Page is
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TABLE II

CORROSION RATES OF COMUERCIALLY PURE TITANIUM IN FNA
AT WC WITH SURFACE SANDBLASTED

CorrosionSample 1120 NO2  lN03  Rate Stress
Number W() (%) (niiha/yr) Cracked

236 0 0 100 0.133 no
225 0 0 t00 0.133 no

229 1.2 0 98.8 0.163 no

233 1.2 0 98.8 0.097 no
207 2.1 0 97.9 0.0Q3 no
214 2.1 0 97.9 0.136 no
206 0 10.2 89.8 0.383 yes

239 0 10.2 89.8 0.496 yes

220 1.0 10.3 87.7 0.296 to

228 1.0 10.3 87.7 0.153 no
201 1.7 9.8 88.5 0.147 to

222 1.7 9.8 88.5 0.183 so

200 0 19.8 88.2 3.80 yes

231 0 19.8 80.2 5.74 yes

206 1.2 19.6 79.2 0,147 no

219 1.2 19.6 79.2 0.137 no

216 2.1 19.3 78.6 0.177 no
247 2.1 19.3 78.6 0.197 so
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TABLE III

EFFECT OF SURFACE PREPARATION ON CORROSION RATES OF SOME
TITANIUM ALLOYS IN 20% NO2 ANHYDROUS FNA AT AMBIENT

TEMPERATURE FOR 118 HOURS

Surface Corrosioe Rate I Stres.
Treatment (mils ,yr) Cracked

Commercially Pure Titanium

An received 3.4 J yes

Sandblasted 4.9 yes

Polished 7.9 yes

Ti-- 8%-Mn Alloy

As received 17.1 yes

Sandblasted 51.2 yes

Polished 50.5 yes
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TABLE IV

CORROSION RATES OF Ti.. 8%.Mn ALLOY IN FNA AT 306C WITH
SURFACE AS RECEIVED

1 C orros ion
Sample H20 NO2  HNO3  riate Corrosion
Number (%) (%) (%) (mils yr) Cracked

52 0 0 100 0.622 yen

11 0 0 100 0.606 yen

89 1 0 99 0.065 no

82 1 0 99 0.135 no

66 2 0 98 0.135 no

87 2 0 98 0.103 no

67 0 1o 90 6.76 yes

78 0 10 90 5.73 yes

38 1 10 89 0.092 no

6 I 10 89 0.103 no

93 2 10 88 0.097 no

8 2 10 88 0.108 no

47 0 20 80 27.85 yes

58 0 20 90 32.50 yes

21 1 20 79 0.069 no

49 1 20 79 0.087 no

63 2 20 78 0.069 no

90 2 20 78 0.069 no
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TABLE V

CORROSION RATES OF Ti.- 8%.Mn ALLOY IN FNA AT 300C WITH
SURFACE SANDBLASTED

Corronion
Sample 1120 NO 2  ||N0 3  lute Stroe,,

Number (%) (%) (mil/yr) Cracked

232 0 0 100 0.310 no

227 0 0 100 0.326 no

205 1.2 0 98.8 0.187 no

219 , o 0 98.8 0.143 no

211 2 0 97.9 0,210 no

221 2.1 0 97.9 0.197 no

212 0 10.2 89.8 11.99 yes

226 0 10.2 89.8 12.99 yes

203 1.0 10.3 88.7 0.200 no

223 1.0 10.3 88.7 0.223 no

228 1.7 9.8 88.5 0.183 no

2.33 1.7 9.8 88.5 0.147 no

241 0 19.8 80.2 81.40 yes

242 0 19.8 80.2 62.8 yes

213 1.2 19.6 79.2 0.110 no

230 1.2 19.6 79.2 0.100 no

202 2.1 j 19.3 78.6 0.130 no

207 2.1 J 19.3 78.6_ 0.180 no

P.,. 1,



Progres Repert No. 26.2 Jet pr"1Wism, Lfiereary

TABLE VI

CORROSION RATES AND CHEMICAL ANALYSIS OF CORROSION
PRODUCT FROM COMMERCIALLY PURE TITANIUM IN FNA

AT AMBIENT TEMPERATURE

Exposure Conditions

Acid composition (W)

NO 2  20.8

1120 0

1IN0 3  remainder

Time (hea) 263

Corrosiou Rates

Sample A (mila/yr) 7.00

Sample B (milu/yr) 6.30

Analysis of Corrosion Product Removed from Samples A uwn4 B

Coating in sample (mg) 2.40

Titanium in sample (twig) 2.34

Error or milligrams

unaccounted for 0.06
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TABLE VII
X-RAY DIFFRACTION PATTERN OF CORROSION PRODUCT FROM

COMMERCIALLY PURE TITANIUM AFTER EXPOSURE TO FNA

d,o Moonwd d, **t d d, d, d,A
obowod imtammityý Tic TiH 2d TiNe TiO0

3.92
3.49

3.29
2.92
2.7•52.56 M 2.86 40 2.38

2.49 2.492.34 M 2.14 40
2.28

2.25 S 2.24 100 2.23

2.2062.09 Vw 2.09
2.03 VW 2.06
1.97 VW
I.87 VI 1.M
1.79 W 1.764
1.73 w 1.73 40 1.724
1.60 VI 145

1.514
1.47 w 1.48 40

1144 1.437
1.4181.37 VVw 1.3"

1.369 1,361
1.334 • 1.4 50 1.344

1.29
1.249 I .25 40 1.261 1.26
1.231 VI 1.23 30

1.197
1.18 10 1.s

1.166 VVI 1 164
1.13 I0 I 135

1 096 VVW 1.07 20 1006

l.Ol 1 014
0.99 30 1,012

0964 VVI 0.94 30 0.%4

0V.I 0.92 30 0.911 0902
0.88 VVW O.111 10

0.86

0.8432
0.112 VVw 0.815

0411

"hImepea.r opu-op of amo
bs - obot, m - jW.A1,, 3.. wf.&, VI - vry w•p,, VVW I. ,wy v.er ",wre&

"Cf. Rof Im
d|1%valf raomocal" 04 1, 1) Jaffe.. ChiefM, iertalm .1ectum., jet JObt61., ilA~mlqwT~

"Cf No+r li
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Figure 5. Photomicrowasph of Longitudinal Section of
Commercially Pure Titanium Sheet (250X)

Fig•re 6. Photomicropraph of Transverse Section of Con-
mercially Pure Titanium Sheet with 26,3 Ilour Prior

Ezpooure to 20% NO 2 Anhydrous FNA (250X)
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Figure 7. Photomicrograph of Longitudinal Section of
Ti - 8% Mn Alloy (25OX)

FIigure R. l'hotomicropraph of 1"ran.verse Section of Ti -- %U n
Alloy with 48 Ihour Prior Prpoeure to 20% NO 2 Anhydrous

FNA (15oX)
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Figure 9
Photomicrograph of

Longitudinal-Edge
Section of a Por-

tion of the Sam-
ple of Figure
8, IUnetched

(25OX)

FIigure 10
Photomicrograph of Corner of Ti -

9% Moi Sheet. Sample Pleated in
Vacuum Iflour at 78CC,
Quenched While in Vac-
uum into Liquid Nitr,,.

gen. Exposed to 20%
NO0 Anhydrous

F'NA far 24
Ilowrs, IIn-

etched
(25OX)

p. 26



Jet Propulsion LIebeetary Progess Repot No. 26.2

Figure 11. Photomicrograph of BIase of Crack
in Sample Shown in Figure 10, Etched (250X)

Figure 12. Photomicrograph of Transverse Section of Ti - 9% Mn Alloy
with Treatment Similar to Figure I0, Oblique Illumination,

Etched (250X)

Pog. 27
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Figure 13

Same Section .An Fig.
ure 12 but with Pol-

arized Light

Figure 14
Photomnicrograph of Ti - 8% Mn

Heated in vacaio to 7?88C,
Quenched into Ice Water,
All-Beta Phase, Etched

(250X)

Pvee 28
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